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Abstract
The authors describe the design, fabrication, and testing of a passive wireless sensor platform utilizing low-cost
commercial surface acoustic wave filters and sensors. Polyimide and polyethylene terephthalate sheets are
used as substrates to create a flexible sensor tag that can be applied to curved surfaces. A microfabricated
antenna is integrated on the substrate in order to create a compact form factor. The sensor tags are fabricated
using 315 MHz surface acoustic wave filters and photodiodes and tested with the aid of a fiber-coupled
tungsten lamp. Microwave energy transmitted from a network analyzer is used to interrogate the sensor tag.
Due to an electrical impedance mismatch at the SAW filter and sensor, energy is reflected at the sensor load
and reradiated from the integrated antenna. By selecting sensors that change electrical impedance based on
environmental conditions, the sensor state can be inferred through measurement of the reflected energy
profile. Testing has shown that a calibrated system utilizing this type of sensor tag can detect distinct light
levels wireless and passively. The authors also demonstrate simultaneous operation of two tags with different
center passbands that detects light. Ranging tests show that the sensor tags can operate at a distance of at least
3.6 m.
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The authors describe the design, fabrication, and testing of a passive wireless sensor platform
utilizing low-cost commercial surface acoustic wave SAW filters and sensors. Polyimide and
polyethylene terephthalate sheets are used as substrates to create a flexible sensor tag that can be
applied to curved surfaces. A microfabricated antenna is integrated on the substrate in order to create
a compact form factor. The sensor tags are fabricated using 315 MHz SAW filters and photodiodes
and tested with the aid of a fiber-coupled tungsten lamp. Microwave energy transmitted from a
network analyzer is used to interrogate the sensor tag. Due to an electrical impedance mismatch at
the SAW filter and sensor, energy is reflected at the sensor load and reradiated from the integrated
antenna. By selecting sensors that change electrical impedance based on environmental conditions,
the sensor state can be inferred through measurement of the reflected energy profile. Testing has
shown that a calibrated system utilizing this type of sensor tag can detect distinct light levels
wireless and passively. The authors also demonstrate simultaneous operation of two tags with
different center passbands that detects light. Ranging tests show that the sensor tags can operate at
a distance of at least 3.6 m. © 2009 American Vacuum Society. DOI: 10.1116/1.3258142
I. INTRODUCTION
Wireless sensor networks are of great interest due to their
potential at providing vast amounts of environmental data in
military, industrial, residential, and commercial applications.
A significant drawback of modern sensors is the requirement
of onboard power sources. Efforts have been made to reduce
the power draw of the electronics used on sensor nodes;1,2
however, the finite energy supply of batteries requires sensor
nodes to be maintained at regular intervals, increasing cost.
Work has been done to create sensor nodes, which makes use
of power scavenging technologies such as piezoelectric gen-
erators or photovoltaics in order to replace or augment bat-
tery operation. However, unpredictable and uncontrollable
environmental conditions can adversely affect the reliability
of a sensor node by limiting the availability of scavenged
power.
We present a low-profile wireless sensor node that is ca-
pable of operating passively, requiring power only from an
incident microwave interrogation pulse. Much like a passive
radio frequency identification tag, a surface acoustic wave
SAW based sensor tag can remain dormant until data are
required. When a reading is necessary, an active interroga-
tion unit pings the sensor tag with a pulse of microwave
energy and measures the reflected signal. The sensor tag it-
self is comprised of three main components: a resonant an-
tenna, a SAW filter, and an impedance-changing sensor. The
antenna serves to collect and send microwave energy to and
from the SAW filter. Energy from the antenna is propagated
to the SAW filter, which converts electrical energy to me-
chanical and vice versa. This transduction mechanism is a
method to confine the response of the sensor to a narrow
frequency band and allow for more sensors to operate in a
given band. The sensor itself monitors the environment and
changes electrical impedance accordingly. According to
transmission line theory, a mismatch in impedance between
the SAW filter and the sensor will cause a portion of the
interrogation signal to reflect back toward the SAW filter.
The relatively high efficiency of the SAW filter allows the
sensing signal to travel back toward the antenna and reradi-
ate. Sensor state can be determined via the interrogation unit.
The sensor tags themselves can stay fielded and functional
for long periods of time.
Several groups investigated SAW devices to create pas-
sive sensors that can sense a wide variety of environmental
conditions.3–5 Applications for this technology have started
to enter the automotive market in the form of wireless tire
health monitors.6,7 The majority of the sensors developed to
date are based on rigid substrates and external antennas. We
take a novel approach to SAW sensors by incorporating es-
sential sensor components onto a flexible polymer substrate
with a very small footprint Fig. 1. Specifically, a flexible
sensor is developed to sense optical 430–610 nm light in-
tensities and operates in the 315 MHz regime Fig. 2. It is
possible to further reduce the size of the sensor and associ-
ated antenna through the use of higher operating frequencies
Fig. 3.
II. MATERIALS AND METHODS
A. Fabrication
The sensor tag substrate is a plastic sheet made up of
either polyethylene terephthalate PET or polyimide. The
choice of using PET versus polyimide depends on the appli-
cation. Polyimide offers better temperature stability but is
prone to swelling in high humidity environments. The PET
substrates have a glass transition temperature near 75 °C,
which makes it unsuitable for application in some environ-
ments. Additionally, polyimide has a tint, while PET is opti-aElectronic mail: jlskinn@sandia.gov
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cally clear, which is important in certain optical sensing ap-
plications where spectral content is important. In our
particular case, we use a commercial photodiode
TEMD6010FX01, Vishay that is surface mounted onto the
top of the substrate, removing the need for an optically clear
plastic. Low temperature surface micromachining techniques
are used to generate surface features, such as chip intercon-
nects and bond pads for each type of plastic.8,9
Figure 4 shows the fabrication steps for a passive sensor
tag on a flexible substrate. The plastic is cut into the shape of
a 100 mm diameter silicon p-type wafer for compatibility
with various cleanroom tools. Sheets of 100 m thick PET
or 75 m thick polyimide are washed with isopropyl alco-
hol, acetone, and plasma etched in 50 W of O2 plasma for
5 min. After the cleaning process, the wafers are coated with
hexamethyldisilazane primer and a 1.3 m thick layer of
Shipley 1813 photoresist using standard spin coating tech-
niques. A low temperature bake at 65 °C for 5 min is used to
prevent the PET from warping. Each wafer is then patterned
using a contact aligner and a photomask. The wafers are
placed in LDD-26W developer for 1 min to remove photo-
resist for subsequent metallization. A 5 min 50 W O2 plasma
clean is used to clean the surface and promote adhesion for
subsequent metal deposition. Metals consisting of chrome,
FIG. 1. Color online Top Sensor node is comprised of a sensor element,
a SAW filter, and an antenna. Middle The size of the sensor tag is reduced
by switching to a flexible substrate with an integrated antenna. Bottom
Further reduction in size is achieved by using higher frequency components.
FIG. 2. Color online SAW based sensor tag operating at 315 MHz made of
a PET substrate allows for greater flexibility and conformity to curved
surfaces.
FIG. 3. Color online Prototype sensor tag made with 2.4 GHz components.
The size of the resonant antenna scales inversely with frequency, allowing
for a decrease in the antenna size over the 315 MHz SAW based sensor.
Smaller components allow for even greater flexibility of the substrate.
FIG. 4. Color online a Shipley 1813 1.3 m is deposited using PET-
compatible low temperature processing. b Karl Suss MA6 contact aligner
is used to expose photoresist to ultraviolet light. c LDD-26W developer is
used to remove photoresist for subsequent metallization. d Cr /Ni /Au
5 /150 /100 nm is deposited with electron beam evaporator. e Lift-off in
acetone defines metal traces, pads, and antenna. f SU-8 passivation layer is
applied and patterned to define solder bump regions. g Eutectic alloy is
selectively deposited on exposed metal through liquid metal dip.
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nickel, and gold with thicknesses of 5, 150, and 100 nm,
respectively, are deposited using e-beam evaporation. The
temperature of the evaporation process does not exceed the
glass transition temperature of the PET, thus eliminating sub-
strate warping. A lift-off process in acetone is used to remove
leftover photoresist and unwanted metal from the wafer sur-
face. A series of metal lines remains on the surface and con-
stitutes the interconnects for the commercial surface mount
chips. Another O2 plasma treatment is performed prior to
spin coating with SU8-25 Microchem, MA negative photo-
resist. In order to accommodate the temperature sensitivity of
the PET, the soft baking process for SU-8 is reduced to a
65 °C bake for 10 min, while the postbake is done at 65 °C
for 1 h. This layer of SU-8 serves as a passivation layer for
the metal traces and defines the assembly sites for the surface
mount chips. Openings in the SU-8 layer also determine
where solder will coat the metal lines, creating bond pads
and a dipole antenna.
The wafers are dipped into a mixed bath of acidic water
and molten eutectic alloy to pattern solder bumps onto the
bond pads. A low melting point alloy Indalloy 117, Indium
Corp. is used for compatibility with the PET. Small amounts
of hydrochloric acid are added to the mixture in order to
remove oxide buildup. The bath is kept at 60 °C as the tags
are dipped into the alloy and withdrawn through the alloy-
water interface. The water interface acts to remove alloy that
is not in contact with the metal pads of the tag. Figure 5a
shows the results of the bumping process. The integrated
antenna thickness is increased from 255 nm to a maximum
thickness of 160 m average thickness of 130 m dur-
ing the solder bumping process in order to create additional
metal thickness to limit transmission losses. The base metal
consisting of Cr /Ni /Au is very thin and inefficient when
used as an antenna at 315 MHz. The additional 130 m of
metal afforded by the eutectic alloy increases the efficiency
of the system.
The bond pads of the commercial SAW filters B376x,
Epcos and photodiodes are similarly coated with the eutec-
tic alloy. Heat activated liquid flux is used to remove the
oxide buildup on the surfaces of the tag and commercial
components. The parts are manually positioned and heat
from a hot air gun is used to melt the solder as well as
activate the flux. Figure 5b shows a tag after assembly with
an integrated dipole antenna, SAW filter, and photodiode.
The tag can be additionally passivated with epoxy to me-
chanically fix the commercial parts to the surface of the tag.
B. Testing
The interrogation unit used to test sensor tag performance
is a network analyzer PNA-E8361A, Agilent operating
around the 315 MHz band with a resonant dipole antenna
attached to port 1. The network analyzer both generates the
interrogation pulse and receives the reflected signal in the
form of S11 in order to read out data from the sensor tag. A
tungsten lamp model 8375, Fostec is used to illuminate the
photodiode with various light intensities, inducing changes
in impedance. In all test cases, the fiber-coupled lamp is
approximately 2 mm from the surface of the diode. Figure 6
shows a model on the theory of operation of the sensor tag.
A resonant dipole antenna at 315 MHz measures 47.6 cm
in length and cannot fit within the current form factor of our
sensor tag. Our antennas are less efficient due to losses from
the short antenna length on the tag and limits operation to
short distances. In order to increase efficiency and range, we
can add an extra wire length by using the eutectic alloy sol-
der to attach an extra wire to the ends of the integrated di-
pole. For sensors operating in the gigahertz region or higher,
it is possible to fabricate a fully resonant antenna directly on
the substrate.
III. RESULTS
A. Single tag with varying light levels
Tests using a single tag include a test to determine the
possible communication range of the sensor tag and a test to
measure discrete levels of light. A tag augmented with an
extra wire to create a resonant antenna at 315 MHz was able
to operate with a distance of 3.6 m between the antenna on
the network analyzer and the antenna on the sensor tag. The
FIG. 5. Color online a SU-8 passivation layer keeps the eutectic alloy
from coating regions other than the bond pads or antenna. b A completed
tag is shown after component assembly with integrated antenna and com-
mercial parts. FIG. 6. a Network analyzer is used as an interrogation unit to both generate
the ping signal and receive the reflected S11 signal. The wireless link can be
modeled as a transmission line with a variable impedance load, which
causes a varying reflection coefficient r. b Analysis of the reflected
signal allows the sensor state to be determined.
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sensor tag was made of PET with a nominal 315.50 MHz
SAW filter. Light incident on the sensor tag was toggled
between the fully off state complete darkness and full out-
put power. The measured signal at the network analyzer is
shown in Fig. 7. Observing the peak in the 315.50 MHz
region, it is clear that the peak increases under illuminated
conditions and decreases under dark conditions.
A different test was conducted using a single tag at
315.50 MHz measuring varying light levels. The test was
also conducted to determine if a sensor can be operated while
applied to a curved surface. Like the previous test, an extra
wire length was added to increase efficiency, and the tag was
applied to the surface of a 5 gal water container Fig. 8. The
minimum distance between the network analyzer antenna
and the sensor tag was approximately 3 cm. Using photocur-
rent measurements with the tungsten lamp and the current
response listed in the datasheet, we correlated the illumi-
nance with power settings on the lamp source. The sensor tag
was subjected to the different levels of illuminance, and the
response was measured at the network analyzer. The mea-
sured values in Fig. 9 indicate that lower illuminance values
correspond to smaller S11 magnitudes.
B. Dual tags
In order to address more than one sensor, we chose to
vary the center passbands of each SAW device. For larger
networks, it is possible to use delay lines to give each tag a
unique identifier in the time domain.10 In our tests, we use
two tags with extended antennas and a center passband sepa-
ration of 350 kHz to differentiate the two sensors with fre-
quency discrimination. The first tag contained a 315.15 MHz
SAW filter B3763, Epcos, while the second tag contained a
315.50 MHz SAW filter B3765, Epcos. The tags were
placed 20 cm from the interrogating antenna and were
stacked vertically with respect to each other. The test condi-
tions were made such that light was exclusively applied to
tag 1, tag 2, or neither. “ON” conditions represent the light
source set to full intensity. The data from Fig. 10 indicate
that the S11 magnitudes, corresponding to the operating fre-
quencies of each respective tag, shift accordingly when light
is exclusively applied to either tag.
IV. CONCLUSION
A passive wireless sensor platform has been fabricated
and tested for sensing light conditions. The system is able to
make use of inexpensive commercial electronics to create a
low-profile sensor capable of conforming to curved surfaces.
Sensor tags loaded with photodiodes were able to sense the
presence of light in a binary fashion at a communication
distance of 3.6 m. At a closer range, the sensor was able to
detect discrete levels of illuminance. We also demonstrated
that it is possible to operate multiple tags simultaneously
through the use of frequency discrimination between indi-
vidual tags. With impedance variance and S11 measurements
FIG. 7. Color online Measured S11 signals indicate an increased magnitude
at the 315.50 MHz peak, representing illuminated conditions and decreased
magnitude corresponding to decreased illumination.
FIG. 8. Color online Sensor tag was fixed to the curved surface of a water
container to test for functionality. The sensor was able to sense various
levels of light while bent.
FIG. 9. Color online Different values of illuminance are measured using a
single sensor tag loaded with a photodiode. Changing light intensity is in-
dicated as a shift in the S11 magnitude and demonstrates sensor operation
while affixed to the surface of a cylinder.
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as the primary mode of data collection, the sensor platform is
not limited to using photodiodes and the sensor element. Any
sensor element that changes electrical impedance with sensor
state is suitable for use on this passive sensor tag platform.
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FIG. 10. Color online Incident S11 measurements at the network analyzer
demonstrate that a pair of tags separated in operating frequency by 350 kHz
is capable of individually sensing light vs dark conditions.
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